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ABSTRACT 
Recently the use of the carbon fibre reinforced polymer (CFRP) composites appears to be an 
excellent solution for retrofitting and strengthening of concrete and steel structures because of its 
superior physical and mechanical properties through the integration of other materials. However, 
the overall functionality and durability under various environmental conditions of the system has 
not yet been well documented. This paper reviews the environmental durability of CFRP 
strengthened system that has received only small coverage in previous review articles. Future 
research topics have also been indentified, such as durability of steel circular hollow section under 
various environmental conditions subjected to bending. Environment of interests are 
moisture/solution, alkalinity, creep/relaxation, fatigue, fire, thermal effects (including freeze-thaw), 
and ultraviolet exposure. 
 
 
KEYWORDS 
CFRP; Durability; Concrete Structures; Steel Structures; Environmental Conditions. 
 
 
INTRODUCTION 
Compared to conventional construction materials, carbon fiber reinforced polymer (CFRP) exhibits 
some unique advantages such as excellent resistance to corrosion and environmental degradation, 
high longitudinal strength, high fatigue endurance and reduced weight. Furthermore, it is very 
flexible and forms all kind of shapes, and is easy to handle during construction (Alsayed et al., 
2000; Moy, 2001; Teng et al., 2002).  Due to these advantages, CFRP composites have been 
increasingly used in various fields such as aerospace, automotive, athletic, recreational equipment, 
military and civil engineering infrastructure applications. The term “Durability” of CFRP is defined 
as its ability to resist cracking, oxidation, chemical degradation, debonding, wear, fatigue, and the 
effects of damage from foreign objects for a specified period of time under appropriate load conditions 
and under service exposure conditions (ACI 440L, 2005). This all-encompassing definition has been 
broadly adopted making studies of durability remarkably diverse and each one necessarily specific. 
In strengthening systems, the CFRP materials typically have excellent resistance against 
environmental conditions (Cromwell et al., 2011); however, the performance of adhesive between 
CFRP and steel/concrete may be affected by various environmental conditions. A number of studies 
have been conducted on durability of CFRP strengthened concrete structures, however, comparably 
a little is known about the environmental durability of the bond between CFRP materials and steel 
surfaces. The lack of a comprehensive data base on durability of CFRP strengthened steel 
structures, makes it difficult for the practicing civil engineer and designer to use CFRP composites 
as a guideline. Recently the output of some research related to durability of CFRP strengthened 
steel structures, has been published but it has not covered all aspects of durability considerations. 
This paper summarizes the concept of durability of CFRP strengthened system and results of such 
efforts to find out the durability gap that would lead to further research on this field. 
 
ENVIRONMENTAL DURABILITY STUDY ON CFRP STRENGTHENED CONCRETE 
STRUCTURES 
Research on environmental durability of CFRP strengthened concrete structures has been ongoing 
for more than 15 years. The major areas of durability issues for CFRP strengthened concrete 
structures have almost been resolved. However, this is not the end of the world. New issues would 
be expected and research would be continued. Some research works are highlighted below to get an 
overall idea about environmental durability of CFRP strengthened concrete structures which may 
widen the research area on durability of CFRP strengthened steel structures.   
 
From the experimental investigations of David and Neuner (2001) and Karbhari and Engineer 
(1996) on the effects of environmental conditions on the response of externally strengthened RC 
beams, it is concluded that the long-term exposure to humidity may cause a significant decrease in 
the load carrying capacity of the RC beams. In addition, the study of Karbhari and Engineer (1996) 
also revealed that even short-term exposure to humidity may cause significant degradation of the 
CFRP strengthening system depending on the compatibility between the fiber and resin and the 
resin characteristics. Similarly, Juska et al. (2000) analysed the data related to thermal exposure and 
freezing-and-thawing conditioning and concluded that elevated temperature and freezing-and-
thawing cycles have significant effects on the CFRP composite systems. Benmokrane et al. (2000) 
studied the effects of alkaline solution on the CFRP composites and confirmed that alkaline 
environment may cause degradation of both the stiffness and strength of various CFRP composites. 
 
Leung et al. (2001) investigated the flexural capacity of steel and CFRP-strengthened concrete 
beams exposed to different environmental conditions. They observed that exposure to water for 
long periods caused a reduction of the load-carrying capacity as well as an increase in mid span 
deflection. Zheng and Morgan (1993) investigated the synergistic thermal-moisture damage 
mechanisms of epoxies and their carbon fiber composites. Reverse thermal effects were 
investigated after measuring the weight change of the epoxy resins and their carbon fiber 
composites when immersed in the distilled water at temperatures ranging between 33 and 170 °F 
(0.5 and 80 °C). It was determined that a critical temperature regime exists above which the resin 
has the ability to absorb greater amounts of water. Karbhari et al. (1997) modified the peel test 
method for assessing changes in bonding between glass fiber-reinforced polymer (GFRP) and 
CFRP composites and concrete. They concluded that the exposure of GFRP and CFRP composites 
to aqueous solutions had a significantly deleterious effect, indicating that most of the degradation 
was at the level of the epoxy layer between composite and concrete. Chin et al. (1998) studied the 
environmental effects on composite matrix resins used in construction. Specimens were exposed to 
an alkaline solution combined with a high temperature of 194 °F (90 °C) for approximately 10 
weeks. They observed significant degradation in specimens and changes in glass transition 
temperature and tensile strength.  
 
An extensive research on the durability of the reinforced concrete (RC) beams externally 
strengthened with CFRP plates and fabrics under adverse environmental conditions has been carried 
out by Grace and Singh (2005). They dealt with the durability of the reinforced concrete (RC) 
beams externally strengthened with CFRP plates and fabrics under adverse environmental 
conditions such as 100% humidity, saltwater, alkali solution, freeze-thaw, thermal expansion, dry-
heat, and repeated load cycles.  It was concluded that the long-term exposure to humidity is the 
most detrimental factor to the bond strength between CFRP plates and fabrics and RC beams. Based 
on experimental results, it was concluded that RC beams strengthened with CFRP plates are more 
susceptible to aggressive environmental conditions than the beams strengthened with CFRP fabrics. 
In addition the load-carrying capacity of beams strengthened with CFRP plates is reduced after 
long-term exposure to 100% humidity, dry heat, freezing-and-thawing, and thermal expansion 
environmental conditionings. The beams strengthened with CFRP plates and exposed to saltwater 
and alkali-solutions, however, exhibit increased load-carrying capacity with respect to that of 
baseline beams, especially for short-term exposure. 
 
A literature (Smith et al., 2005) outlines the durability considerations for CFRP-strengthened RC 
structures in the Australian Environment. The various issues considered in this paper have been 
grouped under two main categories, namely Environmental Considerations and Loading Conditions. 
Environmental Considerations consist of moisture and humidity, chemical attack, alkalinity/acidity, 
temperature (thermal effects and freeze-thaw), ultraviolet radiation (UV), and fire. Loading 
considerations consist of creep and relaxation, and fatigue. Several design guidelines have been 
highlighted in this review. In the Australian service environment, the main factors influencing the 
durability of CFRP are concrete surface temperature and moisture. In hot and humid environments 
the hygrothermal aging of the epoxy resin could be significant. They have recommended to follow 
the Australian Standard for the design of concrete structures (AS 3600 2001) to ascertain how 
durability in plain (unstrengthened) RC structures has been considered. Finally, a systematic 
experimental study of the effect of prolonged hot water exposure at various temperatures from 20 to 
90 oC is proposed on the effectiveness of the strengthening of CFRP to column specimens will be 
carried out.  It is also necessary to understand the effectiveness of the CFRP strengthening in 
concrete columns under sustained loading. It is also planned to study the creep behaviour of CFRP 
strengthened concrete having varying moisture content. 
 
The reduction of strength and the subsequent failure of materials subjected to cyclic or sustained 
loading combined with environmental effects have emerged as some of the most fundamental 
problems of engineering materials. Some field durability studies, including normal temperature and 
humidity effects, were undertaken over the past few years (Karbhari and Amanilla, 2007). To 
overcome this problem, a relatively recent research on durability of CFRP strengthened concrete 
members under extreme temperature and humidity was conducted by Gamage (2009) in Australia. 
To find the long-term bond performance of CFRP strengthened concrete members, the specimens 
were exposed to combination of cyclic temperatures (20-50 oC) and 90% constant humidity and the 
residual strength was measured using single lap shear test method. It was concluded that the 
maximum strength reduction observed after 450 temperature cycles (2000 hours exposure) under 
constant 90% relative humidity was 30% for the specimens subjected to low level sustained loads 
(up 25% of the ultimate strength). 
 
Deterioration of concrete structures in hot, arid climates is mainly due to aggressive environmental 
conditions characterized by extreme high temperature fluctuations, and high chloride content in the 
soil and in the concrete materials (El-Hacha et al., 2010). They investigated the behavior of 
concrete cylinders wrapped with CFRP sheets when subjected to harsh environmental conditions 
represented by heating and cooling cycles, freezing and thawing cycles, and exposure to fresh and 
salt water. Thirty-six plain concrete cylinders (150 x 300 mm) were tested. Nine specimens served 
as unstrengthened controls and the remaining cylinders were strengthened with two layers of CFRP 
sheets. Cylinders were subjected to high temperatures (45°C), to heating and cooling cycles (23 to 
45°C), and to prolonged heat exposure (45°C). Some of the cylinders that were subjected to heating 
and cooling, were later subjected to freezing and thawing cycles, while others were submerged in 
fresh water or salt water. It was reported that high temperature exposure was not found to decrease 
the strength of the wrapped concrete cylinders when compared to unwrapped specimens. In 
addition, freezing-thawing exposure as well fresh and salt water immersion had a slightly negative 
effect on the compressive strength of both unwrapped and wrapped cylinders when compared to 
room temperature and heating and cooling exposure, respectively. 
 
A more recent study has been conducted by Cromwell et al. (2011) to investigate the performance 
of commercially available CFRP materials and CFRP bond to concrete when subjected to  nine 
different environmental conditioning protocols which are; water exposure, salt water exposure, 
alkaline exposure, dry heat exposure, diesel fuel exposure, weathering exposure, freeze-heat 
exposure and freeze-exposure. The effect of environmental conditioning was assessed using four 
different standard test methods; (i) Tension test, (ii) Short beam shear test, (iii) Bond to concrete 
and (iv) Beam flexure. Multiple specimens were tested in every case by varying the curing duration 
of specimens. Three commercially available CFRP systems were included in this study: (1) a 
preformed unidirectional CFRP plate (CP); (2) a unidirectional carbon fiber fabric (CF); and (3) a 
unidirectional glass fiber fabric (GF). The test result concluded that CFRP plate performed very 
well in all conditions. Degradation was particularly pronounced for salt water and alkaline 
environments, both known to be deleterious to glass fiber. Furthermore, deterioration was often 
more pronounced on bond properties, possibly due to the critical nature of the adhesive (CFPR 
plate) or resin layer (fabrics) bond line to the performance of the concrete-CFRP system. Finally, it 
was proposed that immersion in salt water and immersion in an alkaline solution (9.5 pH CaCO3) at 
room temperature for the durations considered in this study (up to 10,000 h) are the most broadly 
appropriate methods for assessing the effects of environmental conditioning on CFRP material and 
bond properties. 
 
Another comprehensive study on the durability of the CFRP concrete bond interface under freeze-
thaw cycling has been investigated very recently by Yanchun and Yu-Fei (2011) and reported here, 
with exposure condition, concrete grade, and number of freeze-thaw cycles as the parameters 
considered. A high tensile strength carbon fiber fabric named TORAYCA Cloth with a nominal 
thickness of 0.167 mm was utilized in the program as the reinforcement. Two types of saturant resin 
(Sikadur-30 and Sikadur-300) were used as adhesive. The concrete specimens (blocks) had 
dimensions of 340 (length)×150 (depth)×150 (width) mm3.After preparing, the specimens were 
subjected to an accelerated freeze-thaw cycling in an environmental chamber. The CFRP-concrete 
joint was placed in salt water (4% NaCl) or tap water with the CFRP facing downward and 
approximately 6 mm of concrete being submerged. A complete freeze-thaw cycle was as follows: 
starting at +4 °C, the temperature decreased to 18 °C in 110 min and was held constant for 10 min; 
it was then increased to +4 °C in 115 min and held for 5 min. The behavior of the CFRP-concrete 
bond interface was investigated with single-face shear tests. The results indicate that the bond 
strength, bond stiffness, interfacial fracture energy, and maximum slip of the joints decrease with 
increases in the number of freeze-thaw cycles, and they are also affected by the exposure 
environment. The depth of cracking and effective bond length increases with increases in cycle 
number, thus affecting bond stiffness and strength. The deterioration of bond strength can be 
attributed to the damage caused to the concrete by the freeze-thaw cycling. 
 
 
ENVIRONMENTAL DURABILITY STUDY ON CFRP STRENGTHENED STEEL 
STRUCTURES 
Research on durability of CFRP strengthened reinforced concrete (RC) structures are fairly 
satisfactory based on literatures highlighted above. However, till now a few number of literatures 
are available on durability of CFRP strengthened steel structures which are summarised 
accordingly. 
 
An extensive study of the rehabilitation of deteriorated steel bridge members (Mertz and Gillespie, 
1996) covered two major issues concerning the use of composites for rehabilitating steel girders: its 
effectiveness and its durability. For the first part of the investigation, a series of wedge tests using 
different bonding agents and surface preparation procedures were performed. Four different 
environmental conditions were employed: hot water, salt water, de-icing solution and freeze-thaw 
conditions. It was found that the specimens using epoxy as adhesive and treated with silane 
performed better under the four different environments. Next, several number of steel beams were 
strengthened and repaired using different schemes of composites and adhesives to increase or 
restore flexural characteristics. The strengthening or repairing technique adopted here was perfect 
enough to meet the objectives but this system did not prove whether it is suitable under different 
environmental conditions subjected to bending. They also pointed out that galvanic corrosion could 
occur between the carbon and the steel that may reduce the durability of a strengthening system 
and, to prevent this, a layer of E Glass FRP material was recommended to electrically insulate the 
two materials. 
 
The feasibility of using CFRP materials for strengthening of tubular steel members subjected to 
bending for underwater application has been performed in another study (Seica and Packer, 2007). 
Six numbers of steel tubes were wrapped using Sika and Fyfe fibre systems and cured under 
standard conditions and under sea water conditions. Two layers of sheets with the fibres oriented 
longitudinally to the length of the tube were first adhered to each beam and then these were 
confined with a third layer with the fibres oriented transversely to the tube axis. The circumferential 
layer was used to confine the longitudinal layers whilst subjected to compressive stresses during 
bending. It was reported that the ultimate bending strength, flexural stiffness and rotation capacity 
of the wrapped beams, relative to the reference beam, were increased for both performance 
parameters under study; however, the composite members wrapped and cured underwater were not 
able to attain the flexural capacity of those cured in air. Finally no serious debonding problems were 
found in any of the specimens, suggesting that the fibres bonded adequately regardless of the 
application and curing conditions involved. This is a promising research that has been conducted 
recently to enhance the data base for the suitability of using CFRP and adhesives under marine 
environment. However, galvanic corrosion which significantly reduces the long-term durability of a 
strengthening system, can occur when two materials are coupled together and submerged in an 
electrolyte is neglected in this study. Moreover, the orientation and variation of number of layers 
may also affect the durability of CFRP strengthened system has not been addressed here.     
 
A recent research has been carried out by Al-Shawaf et al. (2008) to determine the environmental 
durability of CFRP strengthened steel Double-STRAP Joints under elevated temperature in 
Australia. A series of tensile tests was carried out on CFRP/steel plates specimens joined together in 
double-lap shear joints and subjected to a range of environmental temperatures of 20ºC, 40ºC and 
60ºC. High modulus (640 GPa) unidirectional carbon fibre plies were used in wet lay-up fabrication 
method to strengthen the composite matrix using three types of epoxy resins as bonding materials 
which are (1) Araldite 420 ® A/B, (2) Mbrace® Saturant and (3) Sikadur®-30. It was reported that 
adhesive microstructural and / rheological composition plays the key role in the overall bond trend. 
Based on visual assessment and comparison of the average experimental ultimate load capacities for 
the three series at each conditioning temperature, it is believed that the “MBrace Saturant” epoxy is 
inherently more brittle, glassy and has higher microcracking propensity, flaws and imperfections, 
than the others. This in turn will, inevitably, weaken the interfacial adhesive layer, thus enhancing 
the probability of the debonding failure. This is a fantastic research that has been carried out to 
choose a suitable commercially available adhesive under elevated temperature for strengthening of 
steel plate subjected to tension. On the other hand, it is still required to do the same research but for 
those sections which are subjected to compression and bending to fulfil the gaps that have not been 
done yet.   
 
Another research has been conducted by Dawood and Rizkalla (2010) recently to evaluate the 
environmental durability of the bond of the proposed CFRP strengthening system to steel plate 
surfaces. The program consisted of testing 44 steel-CFRP double-lap shear specimens with four 
different bond configurations and tested in tension. The specimens were exposed to severe 
environmental conditions for different durations, up to 6 months. Different methods to enhance the 
bond durability were studied including pre-treating the steel surface with a silane coupling agent, 
inserting a glass fiber layer within the adhesive and a combination of both methods of protection. 
The research findings indicate that the use of a silane coupling agent significantly enhanced the 
bond durability. While the presence of the glass fibers helped to enhance the initial bond strength of 
the system, it did not improve the durability of the bond. The use of both techniques enhanced both 
the overall bond strength and the environmental durability of the strengthening system. Here the 
durability has been tested for steel plate under tension only but a huge range of steel sections 
available (I-section, Hollow section etc.) which may subject to bending, tension and compression 
also. Therefore, measures of structural integrity in terms of durability for variety of sections under 
different loading conditions have now become imperative.    
 
CONCLUSIONS 
This paper has provided a review of current research on durability of CFRP strengthened concrete 
and steel structures. A quite satisfactory number of research on durability of CFRP strengthened 
concrete structures have been conducted and some important guidelines have been documented. On 
the other hand, research on durability of CFRP strengthened steel structures is very minimal. 
Therefore, now it is very urgent for researchers to carry on more research on this field to enhance 
the data base as well as to give guidelines to industry’s personnel for efficient use of CFRP and 
resins under various environmental conditions. Future research topics have been identified as:  
(i) Durability study of CFRP strengthened steel structures for various environmental conditions, 
such as moisture/solution, alkalinity, creep/relaxation, fatigue, fire, thermal effects (including 
freeze-thaw), and ultraviolet exposure.  
(ii) By keeping environmental parameters constant, same study can be done by changing loading 
conditions, such as, bending, bending plus compression and bending plus tension.  
(iii) The CFRP wrapping orientation has a significance effect on enhancement of flexural strength 
of steel tubular member (Haedir et al., 2009). Therefore, by changing CFRP wrapping condition, 
study can be conducted under various environmental conditions.  
(iv) Finally, the research topics can further be extended by doing same test under cyclic loading 
conditions.         
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